We examined the possibility that catecholamines (CA) could act as endogenous modulators of neuronal death. Exposure to high doses (G100 M) of dopamine (DA) caused widespread neuronal death within 24 h in mouse cortical cell cultures and was accompanied by cell body shrinkage, aggregation and condensation of nuclear chromatin, and prominent internucleosomal DNA fragmentation. Epinephrine, but not norepinephrine (NE), was slightly toxic to neurons at doses higher than 1 mM. DA-induced death was attenuated by the addition of three different anti-apoptosis agents, 1 g/ml cycloheximide, 25 mM K ؉ , or 100 ng/ml brainderived neurotrophic factor (BDNF). We also found that the neuroprotective effect of CA prolonged the protective effects of BDNF against serum deprivation. The present findings suggest that CA induces apoptosis at high doses but prevents free radical-mediated neurotoxicity as an anti-oxidant without being coupled to the receptors. 1999 Academic Press
INTRODUCTION
Catecholamines (CA) such as dopamine (DA), norepinephrine (NE), and epinephrine (EP) are synthesized from tyrosine and act as neurotransmitters in the peripheral and central nervous systems (21) . Although CA play roles in control of emotion and movement, they can become central neurotoxins under certain conditions. In particular, dopamine induces cytotoxicity via the products of auto-oxidation: reactive free radicals and quinone (8, 10, 32) . Reactive free radicals such as superoxide and hydroxy radical can then damage lipid, protein, or DNA and cause cell death (34) . The free radical-mediated toxicity of dopamine is supported by sensitivity to anti-oxidants such as catalase, superoxide dismutase, ascorbate, or N-acetyl-L-cysteine (NAC) (2, 5) . In a few reports, however, the possibility has been raised that the cytotoxic effects of CA may be mediated through covalent binding of quinone to cysteine residues of proteins (9, 10, 33) . CA-induced cell death reveals the hallmark of apoptosis such as cell body shrinkage, aggregation and condensation of nuclear chromatin, and DNA ladders in various types of cells including thymocytes, sympathetic neurons, cerebellar granular neurons, PC12 cells, and cortical neurons (15, 23, 28, 29, 38, 39) .
In contrast to the neurotoxic action of dopamine, a wealth of evidence has accumulated demonstrating the neuroprotective effects of CA. For example, dopamine was shown to attenuate N-methyl-D-aspartate (NMDA) neurotoxicity in retinal neurons possibly through activation of D1 dopamine receptors (1) . We observed that SKF38393, a selective dopamine D1 agonist, attenuated free radical neurotoxicity induced by Fe 2ϩ or buthionine sulfoximine, a glutathione-depleting agent (26) . Dopamine or L-DOPA was shown to protect neurons through induction of anti-oxidative mechanisms involving increased levels in cellular glutathione (14, 22, 24) .
It remains to be determined how the same CA can act as pro-oxidants or anti-oxidants and produce opposite actions on the survival of cells. Moreover, CA-induced apoptosis via oxidative stress is not supported by recent work showing that free radicals produce neuronal death via necrosis (11, 35) . In the present study, we carried out experiments to distinguish patterns and mechanisms underlying the neurotoxic and neuroprotective effects of CA using the well-defined cortical cell culture system. In addition, we examined whether neurotrophins would promote neuronal survival in cooperation with CA. An abstract has appeared (27) .
MATERIALS AND METHODS

Cell Cultures
Cortical cell cultures were prepared as previously described (26) . In brief, dissociated cortical cells obtained from fetal mice (E15) were plated onto 24-well plates precoated with 100 µg/ml poly-D-lysine and 4 µg/ml laminin at a density of 5 hemispheres/plate (approximately 4 ϫ 10 5 cells per culture well), in MEM (Earle's salts) supplemented with 5% horse serum, 5% fetal bovine serum, and 21 mM glucose. For mixed cultures of neurons and glia, proliferation of nonneuronal cells was halted by inclusion of 10 µM cytosine arabinoside at day in vitro (DIV) 7 when astrocytes became confluent underneath neurons. Cultures were fed growth medium identical to the plating medium, but lacking fetal serum 2-3 days later. After this, cultures were fed growth medium twice a week. To prepare neuron-rich (Ͼ95%) cortical cell cultures (12), cytosine arabinoside was added to cultures at DIV 4. Animal care and treatment were in compliance with a protocol approved by our institutional animal care committee.
Injury Paradigms
Catecholamine neurotoxicity. Mixed cortical cell cultures (DIV 10-12) were exposed continuously to 1-1000 µM DA, NE, or EP. The morphology of degenerating neurons was observed under a phase-contrast microscope and death was analyzed 24 h later. MEM supplemented with 21 mM glucose and 26.5 mM sodium bicarbonate was used as exposure medium for all experiments.
Induction of neuronal apoptosis. Neuron-rich cortical cell cultures (DIV 7) were deprived of serum for 24-48 h. During serum deprivation, 1 µM MK-801, an NMDA antagonist, was included to block neuronal damage by the washing procedure and serum glutamate as previously described (12) . This procedure produces approximately 60-80% neuronal apoptosis 24 h later.
Induction of free radical neurotoxicity. Mixed cortical cell cultures (DIV 12-14) were exposed continuously to 30 µM Fe 2ϩ or 200 µM H 2 O 2 for 24 h, which produces hydroxyl radical via a Fenton reaction (13) .
Analysis of Neuronal Death
Neuronal death was analyzed 24 h later by measurement of LDH released into bathing medium as previously described (17) . The LDH values were normalized between the mean LDH values released after a 24-h exposure to sham wash (ϭ0% death) and 500 µM NMDA (ϭ100% death). To analyze neuronal apoptosis induced by serum deprivation or CA, cultures were stained with 0.4% trypan blue for 10 min, washed in PBS, and fixed in 4% paraformaldehyde. The number of viable neurons excluding trypan blue was counted.
DNA Damage Analysis
Cortical cell cultures were incubated in 0.5 µg/ml propidium iodide, a fluorochrome intercalating in the double-stranded regions of helical DNA (20) for 10 min and fixed in 4% paraformaldehyde. The fluorescence of nuclear chromatin was examined using a rhodamine filter within 10 min (excitation, 510-560 nm).
To study patterns of DNA fragmentation, cultures were lysed in solution containing 0.5% Triton X-100, 5 mM Tris (pH 7.4), and 20 mM EDTA. Lysates were collected, vortexed briefly, and microcentrifuged at 12,000 rpm for 15 min at 4°C. Supernatants were extracted with phenol:chloroform:isoamylalcohol (25:24: 1), precipitated in 75% ethanol containing 300 mM sodium acetate, and resuspended in Tris-EDTA buffer (pH 7.4). The soluble DNA samples were subjected to electrophoresis on a 1.2% agarose gel (12) .
Assay of Radical Scavenging Activity
DPPH, a stable free radical, was dissolved in ethanol. DA, EP, NE, catechol, or trolox was added to 100 µM DPPH for 10 min. The radical scavenging activity was determined by measuring the decrease in DPPH levels at 517 nm (7) .
Measurement of Lipid Peroxidation
Lipoperoxides were quantitated according to the method of Ohkawa et al. (30) . In brief, cortical cells were lysed with 400 µl of 4% SDS solution. The protein concentration of cell lysates was measured by the modified Lowry method (Bio-Rad DC Protein Assay). Lysates were added with 25 µl of 4% butylated hydroxytoluene in ethanol, 500 µl of 10% phosphotungstinic acid in 0.5 M sulfuric acid, and 250 µl of 0.7% thiobarbituric acid. All mixtures were boiled for 50 min, 1 ml of n-butanol was added, and the mixture was centrifuged. The supernatant was collected and the amount of thiobarbituric acid reactive substances (TBARS) was measured at 535 nm. TBARS were scaled to a standard curve using a mixture of 1 mM tetrahydroxypropane in 1% sulfuric acid. 
RESULTS
High Doses of Catecholamines Produce Neuronal
Apoptosis: Attenuation by Cycloheximide, High Potassium, or BDNF Exposure to low doses (Ͻ100 µM) of DA, NE, or EP did not cause cytotoxicity in mixed cortical cell cultures of neurons and glia (DIV 10-12) over the next 48 h. However, cortical neurons exposed to DA concentrations higher than 100 µM underwent dose-dependent neuronal death (Fig. 1) . Treatment with EP and NE produced slight neuronal death at notably high concentrations (ϳ1000 µM). Prominent internucleosomal DNA fragmentation was observed 16 h after exposure to 300 µM DA as well as 100 nM staurosporine ( Fig. 2A) . The CA-induced neuronal death was accompanied by marked cell body shrinkage and condensation of nuclear chromatin (Figs. 2B and 2C ). The degenerative changes in morphological and DNA patterns suggest that high doses of DA induce neuronal apoptosis. Occurrence of DA-induced neuronal apoptosis was further supported by the protective effects of cycloheximide, high potassium, or BDNF (Figs. 2D and 2E) , which are all known to attenuate neuronal apoptosis induced in cortical cell cultures (18, 19) . Glutamate antagonists showed no effect against DA neurotoxicity. Antioxidants such as the lipophilic vitamin E analogue trolox, the superoxide dismutase mimetics MnTBAP or MnTMPyP, and the spin-trapping agent PBN did not attenuate DAinduced neuronal apoptosis. Interestingly, addition of 100 µM NAC protected neurons from DA toxicity. Inclusion of 100 mM albumin, a cysteine-containing protein, also attenuated DA neurotoxicity (Fig. 2E ). This indicates that cysteine can neutralize the neurotoxic action of DA.
Catecholamines at Sublethal Doses Attenuate Free Radical-Induced Neuronal Death
We examined whether sublethal doses of CA may influence neuronal death induced by oxidative stress. Cortical neurons (DIV 12-14) treated with 30 µM Fe 2ϩ or 200 µM H 2 O 2 exhibited striking cell body swelling within 8 h and underwent widespread neuronal death 24 h later (Fig. 3A) . Surprisingly, treatment with 1-30 µM DA, NE, or EP protected cortical neurons in a dose-dependent manner against the oxidative neuronal necrosis following exposure to 30 µM Fe 2ϩ or 200 µM H 2 O 2 (Figs. 3B and 3C ). Neither 10 µM SCH-23390, a broad D1 antagonist, nor 10 µM spiperone, a broad D2 antagonist, reversed the neuroprotective effects of DA (Fig. 4) . The attenuation of Fe 2ϩ neurotoxicity by NE or EP was not reversed by the addition of 10 µM phentolamine, a broad ␣ antagonist, or 10 µM propranolol, a broad ␤ antagonist. Interestingly, CA, like trolox, substantially lowered levels of DPPH, a stable free radicalforming agent, under cell-free conditions (Table 1) . These findings suggest that CA attenuate free radical neurotoxicity through non-receptor-mediated mechanisms. Indeed, DA blocked an Fe 2ϩ -induced increase in lipid peroxidation as analyzed by the amount of TBARS (n ϭ 4 culture wells for condition, nmol/mg protein). TBARS was 0.64 Ϯ 0.3 in control cultures and increased to 1.86 Ϯ 0.1 (P Ͻ 0.05, analysis of variance and Student-Newman-Keuls' test) following 9 h of exposure to 30 µM Fe 2ϩ . This increase was completely abolished in the presence of 10 µM DA.
An additional experiment was performed to test the FIG. 1. Dose-dependent neurotoxicity by CA. Mixed cortical cultures of neurons and glia (DIV 10-12) were exposed to indicated doses of CA. Neuronal death was analyzed 24 h later by counting viable neurons excluding trypan blue, mean Ϯ SEM (n ϭ 28 fields randomly chosen from four wells per condition), scaled to the mean viable neurons 24 h after the sham wash (0% death). *Significant difference from the sham control, at P Ͻ 0.05 using analysis of variance and Student-Neuman-Keuls' test. possibility that catechol, the backbone structure of CA, would be responsible for the antioxidant action of CA. Like CA, treatment with catechol decreased DPPH ( Table 1 ). In the presence of catechol, cortical neurons were spared from exposure to toxic doses of Fe 2ϩ (data not shown).
DA Prolongs the Neuroprotective Effects of BDNF
While inclusion of 100 ng/ml BDNF protected cortical neurons against serum deprivation, the protective effects of BDNF seemed to disappear over time (Fig. 5) . In particular, neurons underwent marked cell body swelling between 24 and 48 h following serum deprivation in the presence of BDNF (Fig. 5B) . The neuroprotective effect of BDNF was diminished within 48 h. Concurrent addition of 10 µM DA, NE, or EP prolonged the neuroprotective effect of BDNF against serum deprivation while CA alone did not influence serum deprivationinduced neuronal apoptosis (Fig. 5) .
DISCUSSION
Mixed cortical cell cultures exposed to high (Ͼ100 µM) doses of DA underwent neuronal apoptosis defined by morphology, prominent DNA ladders, and sensitivity to several anti-apoptosis agents. In contrast, CA at Sister cultures were exposed to 300 µM DA, alone (DA) or with the following additions: 1 µg/ml cycloheximide (CHX), 25 mM KCl (K ϩ ), 100 ng/ml BDNF, 10 µM MK-801 plus 50 µM CNQX (MK/CNQX), 100 µM trolox, 100 µM MnTBAP, 100 µM MnTMPyP, 3 mM PBN, 100 µM NAC, or 100 mM albumin. Viable neurons excluding trypan blue were counted 24 h later, mean Ϯ SEM (n ϭ 28 fields randomly chosen from four wells per condition), scaled to the mean viable neurons 24 h after the sham wash (0% death). *Significant difference from the sham control, at P Ͻ 0.05 using analysis of variance and Student-Neuman-Keuls' test.
sublethal doses (Ͻ30 µM) attenuated free radicalinduced neuronal necrosis. Although CA alone does not attenuate neuronal apoptosis, it substantially extends the neuroprotective action of BDNF by blocking the delayed induction of neuronal necrosis.
The neurotoxic effects of DA have been well documented in various types of central and peripheral Note. The free radical scavenging activity of dopamine (DA), epinephrine (EP), norepinephrine (NE), catechol, or trolox was determined by measuring the decrease in the stable free radical DPPH at A 517 after a 10-min reaction with 0.1 mM DPPH, mean Ϯ SEM (n ϭ 4 for condition). * Significant difference from DPPH alone, at P Ͻ 0.05 using analysis of variance and Student-Neuman-Keuls' test.
neurons. Regarding patterns of CA neurotoxicity, evidence such as cell body shrinkage, DNA ladders, and chromatin condensation has appeared, demonstrating features of apoptosis in PC12 and sympathetic neurons following exposure to DA, NE, or EP at doses higher than 100 µM (38, 39) . We also found that treatment with high doses (Ͼ100 µM) of DA induced apoptotic morphology and DNA damage in cortical neurons. EP, but not NE, was slightly toxic to neurons at doses higher than 1 mM. However, cycloheximide and neurotrophin that did not prevent CA-induced apoptosis in sympathetic neurons protected cortical neurons from CA. Although this discrepancy may reflect a difference in cell type and culture conditions, intracellular pathways underlying CA-induced neuronal apoptosis must be identified to understand the opposite pharmacological responses. It is of note that activation of stressactivated protein kinase is necessary for apoptosis of striatal neurons following exposure to DA (23) .
The accumulation of oxidative stress such as H 2 O 2 , superoxide, or hydroxyl radical that is produced during the oxidation process of DA likely contributes to the initiation and propagation of CA neurotoxicity. In fact, superoxide dismutase, catalase, or thiol antioxidants are shown to attenuate dopamine toxicity (2, 29, 38) . Although this oxidative stress has been proposed as a key mechanism of DA neurotoxicity, the present findings favor free radical-independent mechanisms of CA Phase-contrast photomicrographs of neuron-rich cortical cell cultures (DIV 7) taken 24 h (top) and 48 h (bottom) following serum deprivation, alone (A) or with the following additions: 100 ng/ml BDNF (B, C) or 100 ng/ml BDNF plus 10 µM DA (D). Note degenerating neurons in A (arrows) and C (arrowheads). Bar, 50 µm. (E) Sister cultures were deprived of serum, alone (SD) or with the following additions: 100 ng/ml BDNF or BDNF plus 10 µM CA (DA, EP, or NE). Neuronal death was analyzed 24 or 48 h later by counting viable neurons excluding trypan blue, mean Ϯ SEM (n ϭ 28 fields randomly chosen from 4 culture wells per condition). *Significant difference from relevant control (SD) at P Ͻ 0.05 using analysis of variance and Student-Neuman-Keuls' test. #Significant difference between BDNF-treated groups with and without 10 µM CA using the same statistical criteria. neurotoxicity. First, apoptosis is a predominant form of neuronal death in cortical cell cultures exposed to DA while free radical-inducing agents produce a distinct pattern of neuronal necrosis regardless of dose (11, 31) . Second, the vitamin E analogue trolox, the superoxide dismutase mimetics MnTBAP or MnTMPyP, and the spin-trapping agent PBN that blocked the oxidative stress by hydroxyl radical, superoxide, or H 2 O 2 did not attenuate DA-induced neurotoxicity (3, 6, 29) . Third, we found that DA rather prevented free radicalmediated neurotoxicity.
One conflict derives from attenuation of DA neurotoxicity by the thiol antioxidant NAC. While the SH group of NAC can detoxify reactive oxygen species, NAC and other thiol-containing compounds can interfere with cytotoxicity of o-quinone, the oxidation product of DA, via covalent binding (15) . Otherwise, conjugation of o-quinone to cysteine residues of proteins triggers neuronal apoptosis. In fact, tyrosinase catalyzing the oxidation of DA to o-quinone is expressed in cortical and nigral neurons as well as neural crest-derived melanocytes (36) . The oxidation product of DA can denature vital enzymes such as adenylate cyclase and mitochondrial NADH dehydrogenase (4, 25) . The fact that the cysteine-containing protein albumin attenuates CA provides additional evidence that CA neurotoxicity may propagate through mechanisms involving covalent modification of vital proteins (Fig. 6) .
While DA induces neuronal apoptosis at high doses, low doses (1-30 µM) of CA attenuate lipid peroxidation and oxidative neuronal death. The blockade of neuronal death by CA is not attenuated by antagonists of relevant CA receptors and therefore implies nonreceptor-mediated neuroprotective action of CA. Several studies show that CA may attenuate free radical neurotoxicity by chelating iron or increasing levels of glutathione (14, 16) . Our findings and other recent studies demonstrate that CA act as direct free radical scavengers (22) . In the present study, we have observed that the catechol structure appears to be an essential component for the anti-oxidative effect of CA. This is supported by a recent report that the scavenging activity of flavonoids also depends upon the catechol moiety on ring B (37) .
We find that CA and BDNF can cooperate to prolong neuronal survival. Although it is well established that neurotrophic factors promote neuronal survival during development or against various injuries, neurotrophins are repeatedly reported to aggravate necrotic neuronal death following exposure to NMDA, oxygen-glucose deprivation, or free radicals (11, 18) . BDNF attenuates serum deprivation-induced neuronal apoptosis but its protective effect disappears over time due to the induction of necrosis. The present results showing that CA prolonged the neuroprotective effect of BDNF provide a new potential therapeutic route in cooperation with neurotrophins.
The current study demonstrates that CA modulates neuronal survivoral through non-receptor-mediated mechanisms. In contrast to apoptosis induced by CA at high doses, CA at physiological doses exert a neuroprotective effect as potent anti-oxidants in addition to their well-documented role as neurotransmitters. The degeneration of CA-containing neurons frequently reported in Parkinson's disease andAlzheimer's disease likely causes accumulation of free radicals and leaves neurons highly vulnerable to oxidative stress. Finally, the cooperative neuroprotective effects of CA and neurotrophins show promise as a route to treat neurodegenerative processes that propagate through apoptosis and oxidative stress.
